ABSTRACT The northern corn rootworm (Diabrotica barberi Smith & Lawrence) in eastern and central North America exhibits at least three distinct populations with respect to Wolbachia infection: uninfected, singly infected, and multiply infected. The infected states are associated with different mtDNA haplotypes and reduced mtDNA variability. The previous results demonstrated that the major mtDNA clades of D. barberi were infected with different variants of Wolbachia; however, the total amount of Wolbachia diversity was substantially underestimated. Here we report sequences of the Wolbachia wsp surface protein gene indicating that multiple infections are present. Analysis of the wsp sequences establishes the existence at least Þve distinct wsp variants. The recovery frequency of speciÞc wsp hypervariable regions (HVR) obtained from several individuals was unequal. The most common was obtained 33 times, the least common only once. One of the Wolbachia variants was present in both singly infected and multiply infected individuals. A possible explanation for the frequency differences are that the frequency of each variant is not the same within each insect. An alternative possibility is that not all individuals are infected with all Þve variants and that different animals contain different combinations of the variants. The second scenario suggests that some variants are rare in the population. Comparisons of the wsp genes with sequences in GenBank show that two of the variants are most similar to variants infecting subspecies of the congeneric western corn rootworm (Diabrotica virgifera virgifera LeConte and Diabrotica virgifera zeae Krysan & Smith). Individual wsp HVRs were also aligned with GenBank sequences. The results provide evidence that some HVRs are much more common than others and that the HVRs can be shufßed to create new wsp genes.
Wolbachia are intracellular, endosymbiotic, maternally inherited bacteria frequently found among insects, crustaceans, arachnids, and nematodes (Werren 1997 , Stouthamer et al. 1999 , Baldo et al. 2008 ). Inheritance by offspring from females is referred to as vertical transmission. In the most common scenario, cytoplasmic incompatibility, the beneÞt conferred to infected females is that they can produce viable offspring with both infected and uninfected males, whereas uninfected females can only produce offspring with uninfected males. Other Wolbachia induced reproductive phenotypes also occur. The inheritance pattern can give the Wolbachia infected females an advantage that allows Wolbachia infections to spread (McGraw and OÕNeill 1999) . An associated consequence is that Wolbachia infections often become linked to particular mitochondrial genotypes because mtDNA is also inherited from the mother. Although maternal inheritance perpetuates Wolbachia infections, the evidence indicates that Wolbachia is most likely to enter a new host species through horizontal transfer from another species (Ono et al. 2001 , Mitsuhashi et al. 2002 , Jiggins et al. 2002a , Tsutsui et al. 2003 . Because both Wolbachia and mtDNA are maternally inherited, an expanding Wolbachia infection is typically accompanied by the mtDNA haplotype(s) of the females that were initially infected. This process, known as a Wolbachia "sweep," can lead to a signiÞcant reduction of mtDNA diversity in the infected populations (Turelli et al. 1992 , Shoemaker et al. 1999 , Behura et al. 2001 , Armbruster et al. 2003 . Wolbachia strain identiÞcation and phylogenetic inference have relied on the comparisons of partial nucleotide sequences of two Wolbachia genes, wsp and ftsZ (Werren et al. 1995 , Zhou et al. 1998 ) combined with a multilocus sequence typing (MLST) protocol that incorporates sequence segments from Þve conserved genes (Baldo et al. 2006a ). MLST includes a slightly different partially overlapping portion of ftsZ than the stand alone analyses.
Although probably still the exception rather than the rule, there is abundant evidence that more than one Wolbachia strain can infect the same insect. Multiple infections have been noted in a variety of taxa including butterßies (Hiroki et al. 2004) , Asiatic rice borer (Chai and Du 2011) , tephritid ßies (Jamnongluk et al. 2002 , Arthofer et al. 2009a , Schuler et al. 2011 , sand ßeas (Luchetti et al. 2005) , bean beetles (Kondo et al. 2005 , Kondo et al. 2011 , ants (Reuter and Keller 2003) , parasitic wasps (Mouton et al. 2003) , psocids (Mikac 2007) , bumble bees (Li et al. 2011) , alnus ambrosia beetles (Kawasaki et al. 2010) , raspberry beetles (Malloch et al. 2000, Malloch and Fenton 2005) , planthoppers (Hughes et al. 2011) , mosquitoes (Atyame et al. 2011) , an assortment of heteropteran bugs (Kikuchi and Fukatsu 2003) , pirate bugs (Watanabe et al. 2012) , aphids (Wang et al. 2009 ), bark beetles (Arthofer et al. 2009b) , and others. Generally the strains participating in multiple infections are not descendants of a common recent ancestor. Interactions among the different strains would be expected and some have been documented. Contact among multiple strains within a host provides an opportunity for recombination (Reuter and Keller 2003) . There could be differential impacts on the frequency or density of the individual strains; not all strains are equal titer (Mouton et al. 2003 , Arthofer et al. 2009a , Kawasaki et al. 2010 ). There can also be differential effects on the nature of Wolbachia induced reproductive anomalies such as feminization, sex ratio distortion, and cytoplasmic incompatibility (Hiroki et al. 2004 , Mouton et al. 2005 . Evidence exists that the host genotype interacts with Wolbachia strains to affect the impact and density of infections (Kondo et al. 2005) .
Wolbachia wsp encodes a product that belongs to the general category of bacterial surface proteins. These proteins have antigen properties and can be considered prominent players in the evolutionary interaction between infectious agents and their hosts. They are typically under strong selection pressure and can undergo reassortment via recombination (Gibbs et al. 1989 , Jiggins et al. 2002b ). In Wolbachia, wsp is what Baldo et al. (2005) described as a mosaic protein.
Its make-up consists of four segments that are hypervariable, arranged linearly one to four and separated by regions that are strongly conserved. There is substantial variability within hypervariable regions and effectively no commonality between them. Recombination events are concentrated in the conserved regions and therefore the hypervariable modules can be shufßed to create new surface proteins. On the one hand, the extensive polymorphism within the hypervariable regions assists in recognizing different Wolbachia strains. However, the ability to swap out hypervariable regions when two different strains come together makes it impossible to use wsp to assess the deeper phylogeny of the bacteria.
The northern corn rootworm, Diabrotica barberi Smith & Lawrence, is one of several species of Diabrotica that are recognized as signiÞcant pests of corn (maize; Zea mays L.). Although it ranges from the eastern Great Plains (North Dakota south to Kansas) eastward to the Atlantic coast (Krysan and Smith 1987) , it is a major pest primarily in Minnesota, Iowa, and South Dakota. An mtDNA boundary previously observed for northern corn rootworm populations runs in a roughly north to south direction, separating mtDNA haplotypes that are divergent by Ϸ2.5%. The data indicate that there is little genetic mixing of mtDNA across this boundary (Roehrdanz et al. 2003) . A link between Wolbachia infections and mitochondrial genotypes has been described in northern corn rootworm. As a result, northern corn rootworm in eastern and central North America exhibits at least three distinct populations with respect to Wolbachia infection: uninfected in the western part of its range; infected with one strain of Wolbachia in central and eastern Illinois; infected with a different strain from far eastern Illinois to the east (Roehrdanz and Levine 2007) . In that study the presence of Wolbachia was determined by polymerase chain reaction (PCR) ampliÞcation of fragments of the Wolbachia ftsZ gene. Restriction fragment differences between the two types of Wolbachia reported in that work were used to assign Wolbachia strains to individual beetles. Secondary peaks in some of the digestions suggested that additional Wolbachia diversity might be present. We determined that a closer examination of the infection status and distribution of Wolbachia types in northern corn rootworm was warranted. For this endeavor we used wsp gene sequences obtained from beetles of different populations.
Materials and Methods
Rootworms. Adult northern corn rootworms were collected and handled as described previously (Roehrdanz et al. 2003) . Two samples of western corn rootworm (Diabrotica virgifera virgifera LeConte) also were included. The origins of speciÞc samples used in this work are summarized in Table 1 . Details of the corn rootworm collection sites, their Wolbachia infection status, and a map of the collection sites are as published previously (Roehrdanz and Levine 2007) . In the restriction fragment-length polymorphism analysis of Wolbachia ftsZ fragments, 223 out of 226 (98.7%) beetles collected west of the mtDNA boundary were labeled as northern corn rootworm Wolbachia NCR type 2. The other three were ambiguous. Among beetles collected on the east side of the mtDNA boundary, 74 out of 96 (77.1%) had restriction fragment-length polymorphism patterns consistent with the presence of both northern corn rootworm Wolbachia NCR type 1 and 2; the remainder appeared to be northern corn rootworm Wolbachia NCR type 1. Insects were chosen from both sides of the mtDNA boundary for this study. Insect and DNA samples are preserved at the USDA Biosciences Research Laboratory in Fargo, ND.
DNA Preparation and PCR.
Total DNA from adult rootworms was prepared as described earlier (Roehrdanz et al. 2003) . The mitochondrial DNA haplotype assignments and the presence or absence of Wolbachia infections have also been described previously (Roehrdanz and Levine 2007) . A portion of the Wolbachia surface protein gene, wsp, Ϸ600 bp long, was ampliÞed with primers wsp-81 F (5Ј-TGG TCC AAT AAG TGA TGA AGA AAC TAG CTA) and wsp-691R (5Ј-AAA AAT TAA ACG CTA CTC CAG CTT CTG CAC) (Zhou et al. 1998 ). The PCR conditions were 35 cycles of 95ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 3 min.
DNA Analysis. The wsp amplicons from several individuals were cloned using the StrataClone PCR Cloning Kit according to manufacturerÕs protocol and multiple clones per individual were submitted for DNA sequencing (Iowa State University, Ames, IA). Length of cloned wsp varied from 590 to 611 bp. The 55 sequences were aligned using the VectorAdvance software package (Invitrogen Corporation, Carlsbad, CA). The alignment was transferred to MEGA5 (Tamura et al. 2011) where the neighbor joining protocol Saitou and Nei (1987) was used to create a tree that sorted the sequences into discrete groups. The same sequences were digitally translated and the resultant amino acid (AA) sequences were treated in the same fashion.
Hypervariable regions (HVR) boundaries were as described by Baldo et al. (2005) . Each of the four HVR were scored separately for each clone. The HVR regions are numbered HVR1-HVR4. Within each HVR region the different sequence clusters were numbered as they were discovered. Single nucleotide substitutions that were observed only once were ignored in the numerical designations as they may be artifacts of the PCR and cloning process and are generally not considered to be phylogenetically informative (Speksnijder et al. 2001 ). An HVR pattern representing the composite of all four HVR numbers was given to each clone where the numbers refer to HVR1-HVR4 in succession. Current convention recommends that Wolbachia strains be identiÞed by an MLST proÞle. Although in the older literature wsp variants alone have been called "strains," we will use the term, variant, to describe different wsp sequences. Variant names were assigned to patterns that could not be derived from other patterns via recombination that could occur during the PCR process where DNA from multiple variants would be in the template, and strand switching by the polymerase could occur. The variant names follow the convention of wBarX where Bar indicates the species (D. barberi) and X is the designated variant number. The Þve wBar variants and the individual HVRs were used in a BLAST search of GenBank to Þnd identical or most similar sequences reported from other organisms. The HVRs also were compared with the Wolbachia MLST wsp database. GenBank accession numbers of Wolbachia sequences from this work are EU188677-EU188725, AY138259-AY138264.
Results
Seven nucleotide sequence lengths were observed ranging from 590 to 611bp. At the extreme, the nucleotide divergence is Ϸ10%. Tsp509 I restriction digestion produced Þve restriction fragment-length polymorphism patterns (data not shown). A neighbor joining analysis of the nucleotide sequences shows three clades that are populated by more than two sequences ( Fig. 1) . Twelve of the clones do not Þt clearly in one of the three clearly deÞned clades. They comprise three pairs of very similar sequences and six uniquely divergent clones.
The wsp gene segment is composed of four hypervariable regions (HVR) interspersed with more conserved regions. Major differences of the HVR regions are markers for different variants of Wolbachia. The four HVR regions (HVR1-HVR4) were examined separately. Four different sequence alleles were observed each for hypervariable regions HVR1, HVR3, and HVR4. Five alleles were obtained for HVR2. The consensus sequences for each of these HVR regions are aligned in Fig. 2 .
A unique aggregate of HVR regions in a cloned sequence served to deÞne Wolbachia variants. The combination HVR1 wBar1, HVR2 wBar1, HVR3 wBar1, and HVR4 wBar1 has the composite HVR pattern 1111 and is designated as variant wBar1. The labeled variants and their HVR components are shown in Fig. 3 Clones from a number of individuals that all had exclusively wBar1 sequence type are purple. Other clone colors correspond to colors of individual beetles from speciÞc collection sites (Fig. 4) . Bootstrap support numbers Ͼ50 are shown. Nucleotide sequences. Four digit numbers in red indicate the composite HVR for each of the hypervariable regions (see Fig. 3 ). Number in parentheses is the sequence length. wBarÔXÕ, wsp variant designation. R, recombinant molecules. (Online Þgure in color.) PCR ampliÞcation. Three of these (HVR 1333, HVR 1133, HVR 2244) were found twice and the other four were singletons (Table 1 and Fig. 3) .
The translation products of the clones ranged in size from 196 to 203 AA. All of the indels observed in the nucleotide sequences were in multiples of 3 bp and none of them generated new stop codons. Similarly, the recombination events resulted in neither stop codons nor scrambled new AA sequences. Analysis of the AA sequences led to a tree (not shown) with a topology nearly identical to that for the nucleotides. The same three major clades are strongly supported and contain the sequences from the same individuals.
The presence of different sequences from the same HVR region in a single insect indicates multiple Wolbachia infections. Northern corn rootworm from central Illinois west of the mtDNA division seem to be infected with the single variant, wBar1. Only wBar1 was recovered among the 25 clones from six beetles in this region. All of these beetles carried mtDNA haplotype 2 belonging to clade A (Table 1 and Fig. 4) . Northern corn rootworm from east of the mtDNA divide contain a mixture of HVR regions including sequences not found in wBar1. This is indicative of infection by multiple Wolbachia variants. All of these beetles were mtDNA clade B haplotypes 38 or 44. wBar3 ..T....... .T........ G.....T... CA.C.A..C. ..A....T.T .AC.GGTGCA ...TT.A..C ...---ATAC  wBar4 .......... .T........ .G....T... .ACC.A..C. ..A..AAT.T .AC.GATGCA AG.TT.ACGC ...---ATGC  wBar5 ..T..A.... .T........ .......... CA........ ........CC .A..ATAAAT ..GTC...G. ..A------A wBar2 TA.......C .G........ ..T....... GT........ .......... ..A....... .......  wBar3 TG.......C .G........ ..T....... GT........ .......... ..A....... .......  wBar4 TA.......C .G.G...... .......... G......... .......... ..A....... .......  wBar5 TG.......C .G........ ..T....... GT........ .......... ..A....... .. wBar2 .......... .......... .......... .......... .......... .......... ......C... ..........  wBar3 .......... .......... .........C .......... .A.....C.. ..A.....CA ..GGTT.A.G C.GT.A.GG.  wBar4 .......... .......TG. .......... .......... .......... .......... ...GA....G .G Table 1 shows which combinations of HVR regions have been recovered from each beetle. Wolbachia wsp variant wBar1, which is responsible for the single infections, is also a participant in the multiple infections. One northern corn rootworm from Ohio (1656) has HVR regions from all four primary variants. Western corn rootworm appears to be infected with wBar2 alone. Among the nine beetles examined, elements of wBar2 were found in seven, wBar1 and wBar3 were found in six, and wBar4 was obtained from three. The lone wBar5 HVR region was observed only in a single beetle from Pennsylvania. It was linked to HVR regions associated with wBar1 and wBar3. Nearly onehalf of the clones recovered from multiple infections were recombinant types. Whether wBar5 is a recombination artifact or the native state of that variant was not determined. It appears to be rare. The cumulative evidence indicates that there are at least Þve wsp variants of Wolbachia infecting D. barberi. The BLAST search of GenBank revealed both common and rare HVRs at the 99 Ð100% identity level. Depending on the speciÞc HVR, the wBar1 HVR matches were found in up to 13 other species, mostly Coleoptera, Diptera, and Hemiptera. One of the beetles carrying a close match to wBar2 was the sister subspecies Diabrotica virgifera zeae Krysan & Smith (Mexican corn rootworm) from southern Mexico. The wBar2 variant is comprised of two HVR regions that are found in other orders of insects (HVR1 in Ͼ100 species and HVR3 in 16 species), and two HVR regions (HVR2 and HVR4) that are restricted to Diabrotica. The complete wBar2 variant matches that from D. virgifera virgifera. The complete wBar3 variant had only one close match, an Arachnid (Cybaeus). However, HVR3 and HVR4 also closely matched sequences from a Diptera. Variant wBar5, which is represented only by an HVR2 sequence, also has the Arachnid (Cybaeus) as its closest match. The HVR components of wBar4 are the most widely distributed. At 99% or greater identity, wBar4 HVR1 is found in 31 species, HVR2 in 22 species, HVR3 in Ϸ140 species, and HVR4 in Ϸ70 species.
wBar1 --TTGCAGAT AATTTAACAG CAATTTCAGG ACTAGTTAAC GTTTATTACG ATGTAGCAAT TGAAGAT
Identical or close matches to the wBar sequences also were obtained from the Wolbachia MLST wsp database. However, three of the 17 HVRs had no matches in that database and Þve of the remaining 14 HVRs with matches did not include any species identiÞcation. Thus, comparisons with the MLST database were less informative.
Discussion
Once a Wolbachia variant has infected a population, its transmission usually follows the maternal lineage and it may spread throughout the species (Stouthamer et al. 1999) . Its success or failure is dictated by the interaction of deÞned Wolbachia variants with the properties of the insect species that is infected. Wolbachia can engage in horizontal transfer between congeners that results in a cluster of identical or similar Wolbachia strains in a cluster of closely related host species (Jiggins et al. 2002b , Baldo et al. 2008 . Wolbachia variants can also participate in horizontal transmissions wherein they can jump to completely unrelated species (Baldo et al. 2006a ). The genetic lineage of a Wolbachia variant is reßected in a catalog of the species that it has infected. The GenBank database contains wsp sequences from six species that would be included in the wBar1 clade. There are four Diptera from Europe, a Coleoptera from Japan, and a Coleoptera from North America. The latter is from D.v. zeae collected in Oaxaca, Mexico (Giordano et al. 2005). These sequences all differ from the most common wBar1 variant by one or two substitutions. Three of the sequences have identical HVR regions as the northern corn rootworm wBar1 variant WI2409W5. The northern corn rootwom wBar2 assemblage of HVR regions has been discovered in only one other species, D. v. virgifera (western corn rootworm). This was originally reported by Giordano et al. (1997) and reafÞrmed here. The most similar sequence to wBar3 comes from the spider Cybaeus, which differs by 11 out of 594 bp with an identity index of 98% (Perlman et al. 2010 ). Five of the 11 differences are in HVR4, which places the Cybaeus HVR4 as a sister group to wBar3HVR4. The database contains Ϸ20 species with wsp similar to wBar4 (Þve or fewer substitutions). The insect orders Lepidoptera, Hymenoptera, Coleoptera, and Diptera are represented.
In the case of the wsp gene, the cartridge-like nature of the HVR regions allows reassortment of the packets when more than one variant infects an arthropod species. Among the HVR regions that have been sequenced, some appear to be widely distributed, whereas others have been found infrequently as demonstrated by the BLAST results. The most unusual regions are those from wBar3, which are most similar to a wsp from an arachnid. None of the Þve wsp variants contained an exact match in the MLST database (http://pubmlst.org/wolbachia/), although several of the individual HVRs were present.
The results demonstrate that Wolbachia wsp elements have rather disparate frequencies and distributions in nature. The potential source for horizontal transfer could be as close as a sibling species or as distant as another subphylum. A possible explanation for the frequency differences among wsp genes and their subunits could be that some elements are evolutionarily advantageous for either the survival or horizontal transfers of the Wolbachia. The gene product is a surface protein whose function would be expected to be more of a physical element than a metabolic one. However, our knowledge of the detailed function of surface proteins and how they might interact with different hosts is too scant. The fact that widely dispersed HVRs appear more frequently in some orders (Diptera, Hymenoptera) than others (Orthoptera, Odonata), is more a reßection of research choices than a representation of nature. Searching the NCBI database for "Wolbachia Diptera" retrieves 47,000 sequences, whereas searching for "Wolbachia Odonata" retrieves only two sequences.
Two of the variants from northern corn rootworm are found in another species of Diabrotica. It has been known for some time that western corn rootworm populations in the United States appear to be universally infected with Wolbachia (Giordano et al. 1997 , Clark et al. 2001 . The western corn rootworm wsp is the same as wBar2. The prospect that horizontal transfer occurred between northern corn rootworm and western corn rootworm via interspecies mating seems improbable (Roehrdanz and Levine 2007) . At the time of the Giordano and Clark surveys it was believed that western corn rootwormÕs subspecies, the Mexican corn rootworm, did not harbor Wolbachia. However, Giordano et al. (2005) later detected Wolbachia in some Mexican corn rootworm collected in the state of Oaxaca, Mexico on the southern PaciÞc coast. The wsp from that variant is a match for wBar1, the variant found in both northern corn rootworm single infection and superinfections. It seems equally improbable that a direct horizontal transfer took place between northern corn rootworm and the Mexican corn rootworm. The geographic distance between the populations is prohibitive. It is certainly possible that this variant derives from a common ancestor presumably in Mexico. There are also some reports that certain Wolbachia varieties have an afÞnity for closely related hosts (Baldo et al. 2008) or that horizontal transfer may be enhanced between insects using the same food source (Stahlhut et al. 2010 ). Of course common wsp genes does not prove that the entire Wolbachia genomes are the same. Nevertheless, the shared wsp genes are an interesting puzzle in both time and space.
Seven of the clone types display a mixture of HVRs originating from two of the deÞned variants (Fig. 3) . All of them can be explained as single exchange events or recombinants. The exchanges occurred between HVR1 and HVR2 (four clones) and also between HVR2 and HVR3 (six clones), but there were no exchanges between HVR3 and HVR4. Both intergenic and intragenic recombination have been described in Wolbachia (Reuter and Keller 2003 , Baldo et al. 2005 , Duron et al. 2005 , Baldo et al. 2006b , Ros et al. 2012 . The events described here would be intragenic recombination and resemble the recombination of wsp HVRs cataloged by Baldo et al. (2005) in that the exchanges take place in the highly conserved regions between the HVRs. Their data were derived from 40 singly infected species. Their results also pointed to higher levels of recombination between HVR3 and HVR4, especially when contrasted with the region between HVR1 and HVR2. As stated above, we did not Þnd any exchanges between HVR3 and HVR4. In addition, our results come from superinfected insects where 10 out of 28 (35.7%) of the clones are recombinant. Speksnijder et al. (2001) reported that PCR ampliÞcations containing multiple template genotypes can generate recombinant molecules as products. Therefore, we cannot determine if any of the exchanges observed herein actually arose during the Wolbachia life cycle.
The current data do not permit a determination of whether all individuals in the multiple infection population carry all four (or Þve) Wolbachia variants. Collectively the sequenced clones identiÞed the variant diversity, but at the single beetle level the numbers were too small to detect all of the variation. Of the nine insects sampled from this group, two (1877 and 2095) were from the previous work where only a single clone was sequenced from each. The remaining seven beetles had more than one clone examined. HVRs from wBar1, wBar2, and wBar3 were each found in Þve of the beetles. Although wBar5 from insect 1698 contains HVRs from wBar1 and wBar3, it was not determined if either of those two variants were independently (Table 1) . Wolbachia titers can vary over a wide range. There are conßicting reports over whether co-infection by more than one variant can affect variant titers. Mouton et al. (2003) , looking at a wasp, did not observe a change in titer in a double infection, whereas Kondo et al. (2005) found titers to be suppressed in coinfection of bean beetles. Several researchers have found that the titers of some variants are so low that they can be very difÞcult to detect, especially when superinfection has occurred (Arthofer et al. 2009b , Kawasaki et al. 2010 , Augustinos et al. 2011 , Hughes et al. 2011 , Schuler et al. 2011 . Because all of the beetles tested from east of boundary 1 carried more than one variant, and three out of seven of them carried at least three variants, there should be a very good possibility that wBar1Ð 4 are present in all of the superinfected northern corn rootworm. Because wBar5 was obtained only once as a single HVR, it either is not present in all individuals or has a very low titer. We are unable to determine whether 1533 represents the in vivo HVR pattern for wBar5 or if there might be wBar5 equivalents of the other three HVRs below the threshold of detection. Although the results do not show any evidence of multiple infections to the west of the boundary, the possibility of an additional infection either at low titer or restricted to a particular location cannot be eliminated. MLST data (R.R., unpublished) supports multiple infection status to the east of the mtDNA boundary and single infection to the west.
With the discovery of additional Wolbachia variants in the eastern population of northern corn rootworm, the reason for the boundary separating the two northern corn rootworm mtDNA clades becomes more complicated. When it was believed that each population was singly infected, it was not unreasonable to posit that the accompanying Wolbachia variants were antagonistic and this led to a situation where introgression of mitochondrial genomes was not occurring (Roehrdanz and Levine 2007) . Because wBar1 of the single infection is also a component of the superinfection, that simple explanation may no longer be tenable even if it is impossible to rule out. Perhaps another type of endosymbiont is playing a role in maintaining the strict mtDNA division (Cardinium primers failed to amplify anything in northern corn rootworm). Because northern corn rootworm is a less than ideal subject for the manipulation of infection status, possible insights into the role of individual strains in multiple infections will have to come from research with insects that are amenable to Wolbachia curing and directed reinfection. It has been reported in the whiteßy [Bemesia tabaci (Gennadius)] that infection with multiple endosymbionts is accompanied by high levels of horizontal transfers and phenotypes that do not correspond to mitochondrial lineages (Gueguen et al. 2010) .
Northern corn rootworm is a rare example of a major crop pest with signiÞcant genetic breaks across its population distribution that appears to be associated with the presence and absence of members of a collection of Wolbachia variants (Roehrdanz and Levine 2007) . Elements of at least Þve variants have been characterized. The potential exists that populations isolated by mtDNA and infection status may also have accumulated traits that either enhance or lessen their general competitiveness and their aggressiveness as pests. It should be noted that currently northern corn rootworm is responsible for the most damage in the part of its range where it is uninfected by Wolbachia and where it has undergone selection for traits that allow it to engage in multiyear diapause that negates crop rotation as an effective control measure. It is open to speculation as to whether any attempt to replace the uninfected population with the superinfected population would inhibit nuclear gene introgression sufÞciently to depress long-term diapause and lessen the damage done by this insect.
